Abstract: Based on the coupled human-environment, and taking the Hegang coal mining area (Heilongjiang Province, China) as a research area, combined with RS and GIS technologies, from the perspectives of environmental exposure, sensitivity, and adaptive capacity, the analytic hierarchy process and expert consultation methods were used to establish the evaluation index system and weight. Then the mathematical model of vulnerability assessment was constructed, and the spatial analysis method was used to dynamically identify and evaluate the vulnerability of land use in the study areas in 1994, 2006, 2010, and 2014. The results show that: 1) the vulnerability of land use shows an increasing trend from 1994-2014, and most of the landscape types show a strong dominant vulnerability; 2) the adaptive capacity of land use gradually became unstable under the influence of human-land coupling, and the land-use environment showed the trend of transformation from potential vulnerability to extreme vulnerability under the dual action of sensitivity and exposure; 3) from the type of land use, the vulnerability of coal mine land and unutilized land was relatively prominent. The two landscape types were mostly distributed in severe or extremely vulnerable areas over the past 20 years, indicating a greater degree of interference. The results provide the decision-making basis for the scientific planning and management of the land, and provide guidance for ecological restoration and environmental protection.
Introduction
Recent and continuing changes in climate have resulted in alterations to both human and natural systems across the globe, and the problem of ecological vulnerability is particularly prominent, necessitating adaptive measures by decision-makers acting at all levels of socio-ecological systems [1, 2] . In recent years, the concept of vulnerability has been studied and applied at different spatial scales and in a wide range of disciplines, such as in economic and social welfare studies [3] , natural hazards effects [4] , environmental studies [5, 6] , and sustainability science and land patterns [7, 8] . Ecological vulnerability refers to the vulnerability of ecosystems and their components to internal and external disturbances. Research on ecological vulnerability has become a hot topic in the study of global change and sustainable development [9, 10] .
In the application of technology, RS and GIS have been widely used in various fields, such as land use and vulnerability studies in mining areas, mainly including mine monitoring and environmental impact vulnerability [11] , land use type distribution and vulnerability assessment [12, 13] , and the evaluation of soil fertility in mining areas [14] . Demirel et al. [15] used GIS classification to identify, quantify, and analyze the spatial pattern of landscape changes caused by mining activities in Turkey. Karan et al. [11] used a support vector machine (SVM) and maximum likelihood to evaluate and monitor the change of land cover in opencast coal mines, and laid the foundation for vulnerability assessment. Vulnerabil-ity evaluation is the key to scientifically identify the origin mechanism and change rule of ecosystem vulnerability. Among them, the analytic hierarchy process (AHP), principal component analysis (PCA), and comprehensive evaluation are more extensive, and some foreign scholars also apply multi-scale, visualization, VSD models [16, 17] , and other methods for vulnerability assessment. However, it is still a challenge to establish a suitable land vulnerability assessment system for special areas (especially for coal mines) [18] .
Land use and land cover (LULC) not only reflects human activity, it also impacts climate [19, 20] . Land resources serve as the material basis and economic product of the important human existence and development, it is estimated that over 45% of the Earth's surface is affected by artificial changes in LULC from its natural state [21, 22] . The transformation of land by human activities can disrupt biogeochemical cycles [23] and influence the vulnerability of people and infrastructure to various natural hazards [24] . Although there are relatively more related studies on vulnerability, there are few studies on the vulnerability of land use in coal-based cities based on the coupled human-environment. A great deal of evidence shows that the interference of the coupled human-environment to the structure and function of land in coal mines leads to land degradation [25] , serious agricultural land pollution and the changing margins of land cover [26] . Although there is no clear conceptual model for coupling system vulnerabilities, most researchers generally agree that exposure, sensitivity, and adaptive capability are the components of system vulnerability [27, 28] , and based on the human-coupled vulnerability theory [29] , they established a vulnerability assessment framework for land systems responding to multiple disturbances.
Hegang is one of four major coal resource bases in Heilongjiang Province of China. Long-term coal mining has led to serious damage to the structure and function of the land. The trend of land degradation is gradually changing. It has become a typical and severely damaged ecosystem. Based on the 20 years of 1994-2014 remote sensing images and statistical data, combined with RS and GIS technology, this paper constructs the evaluation system and mathematical model of vulnerability of land use from the aspects of ecological, economic, and social aspects of exposure, sensitivity, and adaptive capacity, and conducts vulnerability studies on time and space scales. Thus, we reveal the dynamic change rule of vulnerability in the Hegang coal mine area under the coupling of humans and the Earth, with an aim to provide guidance for ecological environment construction and rational utilization of land in Hegang, and finally achieve sustainable development. 
Materials and methods

Study Site
31
′ 00 ′′ ), as shown in Figure 1 . The coal mining area is located in the northwestern region of Hegang, selected as a typical research area. The climate of Hegang City is affected by the temperate continental monsoon, it is cold and dry in winter and warm and rainy in summer. The average annual temperature is 1.0-4.6 ∘ C, the average annual frost-free period is about 125 days, and the average annual rainfall of about 608.5 mm. The study area as a whole showed a low trend in the south and high in the south, with the hills in the north and the plains in the south. 
Data Sources
Methods
Land use classification based on a support vector machine
A support vector machine (SVM) is a supervised nonparametric statistical learning technique, therefore, there is no assumption made on the underlying data distribution [30] . Compared with other classification techniques, an SVM classifier is a powerful supervised classification method that can solve some practical problems, such as high-dimensional data, small sample sizes, nonlinearity, and so on, and has high accuracy and stability for the classification of objects [10] . An SVM based on supervised classification separates multi-spectral feature data into discrete predefined clusters consistent with the training dataset in the remote sensing image classification application, so that the classification accuracy and stability are higher and the error is relatively small. Let the training area for the study area be
, where x i ∈ R n represents the input mode and y i ∈ {−1, 1}
represents the target output. Set the optimal decisionmaking equation: ω T x i + b = 0, then the weight vector ω and bias b to meet the constraints:
Where ξ is a slack variable under the condition of indivisible linearity, which indicates the degree of deviation of the pattern in the ideal linear case. From the classification of training samples required to minimize the error, we can deduce the following optimization formula:
where C is the penalty coefficient, which indicates that the SVM penalizes the misclassified samples and reflects the balance between the misclassification ratio and the complexity of the algorithm [31] . Using the Lagrange multiplier method, the optimal decision surface can be transformed into the following optimization constraints:
where A is the Lagrange multiplier, but also to meet the constraints:
K(x, x i ) is a kernel function that satisfies the Mercer theorem. The kernel function has many forms, including linear, radial basis function (RBF), and polynomial, and by setting different kernel functions and parameters, its classification effect is different. According to field research results, texture characteristics and spectral information combined with visual interpretation of Hegang coal mining land use types, using the SVM classification method, the landscape types of the study area are divided into eight categories, which include grassland, arable land, woodland, waters, residential land, coal land, unused land, and transport land.
The evaluation unit is a series of factors that affect the quality of the environment, which can reflect the difference of a certain quality of the environment. The commonly used evaluation units at home and abroad are planar-based vector units or point-based grid units. In this study, landscape-based vector surface units were used as evaluation carriers, and 63,047 patches were used as evaluation units to perform land use exposure, sensitivity, and adaptability evaluation and analysis of the comprehensive vulnerability of land from 1994 to 2014. Finally, the land use vulnerability in the study area is divided into five levels and the vulnerability of spatialization.
AHP to determine the weight of the vulnerability assessment index
AHP is a decision-aiding method developed by Saaty [32] .
The strength of AHP is that it organizes tangible and intangible factors in a systematic way, and provides a structured, yet relatively simple, solution to decision-making problems [33] . The AHP system analysis should be based on a certain amount of information and people make judgments about the relative importance of each unit in each level. These judgments are expressed numerically by the introduction of a suitable scale, written as a judgment of the matrix:
where A is the discriminant matrix. For amn, element m and element n represent the importance comparison results ( Table 2) . Am has stronger influence than An amn=7
Am significantly stronger than An amn=9
Am is absolutely stronger than An amn=2, 4, 6, 8 Indicates the middle value of the adjacent judgment
Having made all the pair-wise comparisons, the consistency is determined by using the eigenvalue, λmax, to calculate the consistency index, CI.
where n is the matrix size. When CI < 0.1, the representative comparison matrix satisfies the consistency requirement and the assignment data is valid. Luers [34] believed that ecosystems and the environment were affected to varying extents and frequencies by varying degrees of vulnerability, which were defined as exposures. Turner [35] used the HR and PAR models to explain the exposure and concluded that stress on the environment is a major exposure function. The sensitivity of land use under the system of human-earth coupling is manifested as the disastrous power of the disturbed regional ecosystem, which is positively correlated with the vulnerability. In the context of studies on global change and eco-environmental vulnerability, adaptive capacity is defined as the ability to adapt to, or reduce, systemic vulnerability [36] and is an ability to reduce the extent of vulnerability. Therefore, the combination of qualitative and quantitative methods, multi-dimensional analysis of the study area of land use vulnerability formation mechanisms, and characteristics, firstly, establish the target layer, criterion layer, element layer, and index layer from three aspects of the ecosystem's exposure, sensitivity, and adaptability, and establish an accurate and complete evaluation system, and then use AHP and expert consultation to establish the weight (Table 3) .
The evaluation factor of normalization
Before data analysis, we usually need to normalize the data first, and map the data to the range of 0-1, which makes the calculation easy and fast [37] Vulnerability is positively correlated with the inverse index and negatively correlated with the positive index. The images of 1994, 2006, 2010, and 2014 obtained the slop, soil erosion, vegetation coverage, net primary productivity of vegetation, landscape fragmentation, and reciprocal fractal dimension data. Other data were obtained from the four-year statistical yearbook combined with field research data and other supporting data (Table 4) . 
GIS spatial analysis and vulnerability evaluation model
Spatial analysis is a spatial data analysis technique about the characteristics of geographical forms and the location of their objects. It can obtain important information, such as spatial location, shape, distribution, and evolution related to geographical objects from numerous spatial data [38] . GIS can achieve the basic functions of spatial analysis, including spatial query and measurement, buffer analysis, overlay analysis, path analysis, spatial interpolation, and statistical classification analysis. In this study, the mathematical model was integrated with GIS spatial analysis to analyze the vulnerability of land use.
(1) Vulnerability evaluation model
According to the concept models and equations proposed by Metzger [39] and Turner [35] , the landscape ecological principles and system theory are used to synthesize the indicators of multiple sub-system parameters. According to the vulnerability of the human-land coupling system in the study area, exposure, sensitivity, and adaptive capacity of the Hegang coal mine land use the vulnerability of three models:
In the formula: V is the land use vulnerability; E is the environmental exposure of land use; S is the environmental sensitivity of land use; AC is the environment adaptive capacity; n, m, p are the number of participating factors of sensitivity, exposure, and adaptive capacity; and W i , W j , W k are the weights of the factors of sensitivity, exposure, andadaptive capacity.
When V > 1, it indicates that the potential impact outside the environment is greater than the adaptive capacity, the vulnerability highlights, and the ecological envi- ronment have deteriorating trends. When V < 1, the vulnerability of the environment is invisible and is in a trend of recoverability.
(2) Vulnerability index calculation model and vulnerability classification
The ecological vulnerability is a comprehensive manifestation of the vulnerability under the structure and function of the landscape type. The regional environmental vulnerability index can reflect the ecological vulnerability of the whole region. The calculation formula of the vulnerability index (RVI) is as follows [40] :
A i is the area of the ith landscape type in the area; A is the total size of the area. According to the research on the existing results of vulnerability classification [41] the vulnerability values are divided into five grades according to the actual situation of land use vulnerability in the study area, and the vulnerability values are classified into regions with different degrees of vulnerability according to the grades (Table 5) .
Results and discussion
The Normalization of the Coal Mine Evaluation Index
Different indicators affect the ecological environment in different ways. After the assessment of the positive and negative relations, the normalized equation is used to normalize the evaluation indices of vulnerability of the Hegang coal mine area and finally obtain a value ( Table 6 ). The larger the normalized index value, the greater the effect of the indicator factor on environmental vulnerability. 
Land Use Exposure Evaluation and Analysis
This paper evaluates the land use exposure of Hegang coal mine from four aspects of population exposure, economic development exposure, land development exposure, and climate. The greater the exposure value, indicating that the greater the degree of interference, a value greater than 0 indicates that the exposure was dominant, increased vulnerability. According to the weight of each index of land use, and the normalized value of the index in the study area, the exposure index of different landscape types from 1994 to 2014 was calculated by Equation (7) and Equation (8) (Figure 2 ). The overall results of the landscape type exposures from 1994 to 2014 show that the overall exposure of the study area shows an increasing trend. According to the exposure of four different landscape types, although the exposure index value of woodland in 2014 is less than the exposure value in 1994, the overall exposure index is greater than other landscape types; grassland, arable land, water area, residential land, land for coal mines, unutilized land, and transportation land increased between 1994 and 2014, and all showed signs of increasing exposure to varying degrees. It can be seen from 1994 to 2014 that the ecological environment of land use in the study area is affected by the exposure and the influence degree shows a gradual increasing trend.
Land Use Sensitivity Evaluation and Analysis
Land use sensitivity is the main indicator of vulnerability performance. The greater the degree of sensitivity, the greater the possibility that the environment will be disturbed by human interference activities or by natural factors themselves, and the more obvious the vulnerability. By analyzing the sensitivity of land use, we can determine the main ecological problems and the degree of possible occurrence in the study area, thus providing effective measures and guidance for the suppression of potential vulnerabilities. It can be seen from Figure 3 that the sensitivity of land use in Hegang from 1994 to 2014 shows a slight downward trend. According to the 20-year trend of sensitivity of various types of land use, sensitivity of grassland, arable land, water, residential land, coal land, and transportation land has been aggravated. Woodland and unutilized land show a decreasing trend; in 1994, the sensitivity index of landscape type showed that the woodland land and the unutilized land had higher sensitivity and obvious interference ability. In 2006 and 2010, the coal land, woodland, and unutilized land are still more sensitive. In 2014, the land for transportation started to be exacerbated by natural and man-made interference, showing a tendency of increasing sensitivity. 
Land Use Adaptive Capacity Evaluation and Analysis
With the prominent exposure of land use and its sensitivity in the Hegang coal mine, it is expected that some economic or social measures will be taken in the region to improve their adaptive capacity. The adaptive capacity is controllable and subjective. Nine evaluation indices were selected from three aspects of the environmental management ability, vegetation regulation capacity, and land utilization ability in the study area to establish a system to evaluate the adaptive capacity of land use, and the result is shown in Figure 4 . From the calculation results of the index of land use adaptive capacity in the study area from 1994 to 2014, we can see that the overall adaptive capacity has an upward trend, which is closely related to the governance and protection policies adopted in the region. According to the law of development of adaptive capacity of various landscape types, it can be found that, in addition to the decrease of adaptive capacity of forest land, the adaptive capacity of other land uses tends to increase. Judging from the adaptive capacity of land use types in various periods, grassland, cultivated land, and woodland showed high adaptive capacity from 1994 to 2014, indicating that its stability is strong. The coal mine land shows the weakest adaptive capacity to adapt to the less resilient external environment.
Comprehensive Evaluation of Land Use
Vulnerability and Analysis of Spatial Differentiation
Integrated quantitative analysis of land use vulnerability
The Hegang coal mine has its own special complicated urban system and the vulnerability of human-ground coupling is obvious. Under the common interference of human factors and natural factors, the vulnerability of the ecological environment in the study area has become increasingly evident. Based on the economic system, social system, and eco-environment system, this paper constructs a vulnerability assessment system and mathematical calculation model of the Hegang coal mine area from the aspects of exposure, sensitivity, and adaptive capacity, the study area exposure index, sensitivity index, and adaptive capacity index calculation. The use of ARCGIS software overlays the analysis of the results and spatial statistics, with the results shown in Figure 5 .
The order of overall fragility of landscape types in the Hegang coal mine area from 1994 to 2014 is: unused land > coal land > waters > residential land > transport land > grassland > arable land > woodland, among them, the value of vulnerability of woodland is less than 1, others are all more than 1, this shows that under the coupling of humans and land, the overall ecological environment of the study area has less self-adaptation and adjustment capacity than the combined effect of external exposure and sensitivity, and the ecological environment is in a worsening situation. Although the vulnerability index of woodland shows an increasing trend to 1, and although the adaptive capacity is slightly larger than the overall capability of exposure and sensitivity, it has little effect on the environmental regulation in the whole area. The vulnerability of land use in coal mining areas is obviously prominent, the ecological vulnerability is serious, and the ecological environment is deteriorating.
Spatial differentiation analysis of land use vulnerability in coal mining areas
According to the integrated value of land use vulnerability in the study area, the fragmented area is divided according to the fragile value area, and the vulnerability grade distribution map is generated after spatialization ( Figure 6 ). As can be seen from Figure 6 , from the perspective of the spatial distribution of vulnerability, the coal mine in Hegang from 1994 to 2014 was mostly in the fragile zone because of the vast majority of forest land in the northern and central regions with relatively high adaptive capacity. The basic trend of vulnerability in the central urban area ranged from mild vulnerability in 1996 to a region of extreme vulnerability in 2001, and it was a severe vulnerability in 2014. This result is consistent with the overall vulnerability assessment data. In terms of the change of time, compared with 1994, the area of mildly vulnerable areas decreased, the moderately vulnerable areas gradually concentrated, the extremely vulnerable areas expanded, and the overall vulnerability obviously moved toward the dominant trend. Compared with 2006, the extremely vulnerable areas spread to the periphery in 2010, but their area has been reduced. In 2014, compared with 2010, the extremely vulnerable areas in 2010 weakened and their vulnerability to moderately vulnerable areas increased. Most of them were converted into highly vulnerable areas and the mildly vulnerable areas were transformed into moderately vulnerable areas. On the whole, although the index of vulnerability decreased gradually from 1994 to 2014, it was still far greater than 1, and the vulnerability was obviously highlighted. The serious areas of vulnerability were mainly distributed in the southern urban area with a strong human disturbance.
From the perspective of urban sustainable development, there are some contradictions between the environment and the economy. How to increase the economy while ensuring the environment is not damaged is something that we should study. Due to the complexity of the causes of vulnerability, each type of land-use sensitivity, exposure, and ability to resist natural or man-made interference need to be adapted to meet the needs of sustainable development. Therefore, it is necessary to quickly find out ways to mitigate and control the increasing vulnerability of different landscape types, and it is also a direction that needs to be studied for a long time.
As a special city group, there has been little research on the coal mine city, especially the land use vulnerability in the coal mine area. With the deterioration of the internal structure and bearing capacity of the land use landscape, human disturbance gradually shows the phenomenon of vulnerability. In order to solve the problems caused by the increasing environmental damage, the related research of coal cities should be strengthened and corresponding ecological remedies should be taken. Therefore, in future research, more efforts should be made with respect to the coal mine city to deeply explore and reveal the interference effect of the coupling relation between humankind and the natural environment.
Hegang coal mine land use shows the most prominent vulnerability, with the surrounding environment and natural factors being greatly affected by human factors. Therefore, ecological restoration should be taken as a priority strategy to utilize the means of vegetation restoration, soil quality improvement, and natural landscape maintenance in the process of natural evolution to give priority to improving the adaptability of natural ecosystems. Different landscape types have different security patterns and play a decisive role in their stability. They can effectively protect the landscape security pattern in order to maintain a healthy ecological landscape and the ecological environment in areas with fragile landscape restoration.
Conclusions
In this study, based on the coupled human-environment, using RS and GIS technology, through the SVM classification method divides the research into eight categories, the construction of an evaluation index system and AHP to determine the weight of evaluation units, the standardization of evaluation index data, and the construction of evaluation model and vulnerability index calculation model, the vulnerability of different landscape types in the coal mining area from 1994 to 2014 was evaluated from the time and space dimensions, and the following conclusions were reached:
First, from the time change point of view, the ecological adaptive capacity of the Hegang coal mine area is less than the combined effect of exposure and sensitivity during 1994-2014, the degree of vulnerability is obviously highlighted, the phenomenon of vulnerability is aggravated, and the ecological environment is deteriorating. Second, from the perspective of spatial heterogeneity, the vulnerability in the northern and central parts of the study area are relatively weak, while the vulnerability in the southern part is obvious, and is concentrated in moderate, severe, and extremely vulnerable areas. The overall distribution of vulnerable regions of ecosystems shows a tendency of spreading from south to north, changing from mildly vulnerable to moderately vulnerable and from moderately vulnerable to more severely vulnerable. Finally, from the perspective of vulnerability of landscape types, coal mines and unutilized land are the most disturbed by humans and nature, showing strong vulnerability. Due to their relatively large area and relatively high adaptive capacity, woodland shows potential vulnerability, however, on the whole, the landscape types have the tendency to aggravate the vulnerability of woodland.
As a special city group, there has been little research on the coal mine city, especially the land use vulnerability in the coal mine area. The study about the vulnerability of land use in coal mining areas, which not only provides case references for the study of vulnerability of small cities in special cities, but also guides the direction of ecological restoration, which is of great significance.With the deterioration of the internal structure and bearing capacity of the land use landscape, human disturbance gradually shows the phenomenon of vulnerability. In order to solve the problems caused by the increasing environmental damage, the related research of coal cities should be strengthened and corresponding ecological remedies should be taken. Therefore, in future research, more efforts should be made with respect to the coal mine city to deeply explore and reveal the interference effect of the coupling relation between humankind and the natural environment.
At present, the results of this study have been approved by the protection department of Hegang Coal Mine Area, and relevant recommendations have been adopted to protect and ecologically rehabilitate severely vulnerable areas and develop towards a good trend.Due to the complexity of factors and data limitations, the scientific evaluation index system still needs to be improved. How to carry out the coordinated development of regional environment under the coupled human-environment, to achieve a virtuous circle of people's ecological environment, still requires in-depth study.
